Introduction
============

The accurate measurement of intraocular pressure (IOP) plays the most important role in the diagnosis, monitoring, and treatment of glaucoma.[@b1-opth-5-1071],[@b2-opth-5-1071] Goldmann applanation tonometry (GAT) is currently the most widely used method for the determination of IOP.[@b3-opth-5-1071] However, GAT measurements can be influenced by several factors, such as central corneal thickness (CCT), corneal curvature, axial length, and the biomechanical properties of the ocular wall.[@b4-opth-5-1071]--[@b14-opth-5-1071] In order to determine the "true" IOP in a more reliable manner, research has turned to alternative tonometry methods.[@b15-opth-5-1071]--[@b17-opth-5-1071] Pascal dynamic contour tonometry (DCT) has attracted much attention in recent years as a promising novel method that provides direct transcorneal IOP measurements, and is influenced to a lesser degree by interindividual variations in CCT.[@b18-opth-5-1071]--[@b28-opth-5-1071] Most studies report that IOP readings obtained by DCT are higher than those obtained by GAT.[@b18-opth-5-1071]--[@b33-opth-5-1071] However, there are contradictory results for the magnitude of these IOP differences,[@b27-opth-5-1071],[@b28-opth-5-1071],[@b32-opth-5-1071]--[@b34-opth-5-1071] as well as their association with the geometrical and biomechanical properties of the cornea.[@b28-opth-5-1071]--[@b34-opth-5-1071] The biomechanical response of the cornea not only depends on its thickness, but also on its viscoelasticity, which is associated with stromal hydration, collagen composition, and probably other unidentified structural factors.[@b12-opth-5-1071],[@b35-opth-5-1071]--[@b38-opth-5-1071] Corneal hysteresis (CH), as measured by the Ocular Response Analyzer (ORA; Reichert Ophthalmic Instruments, Buffalo, NY) device, has been suggested to reflect the viscoelastic properties of the cornea.[@b17-opth-5-1071] Little is known about the effect of the corneal biomechanics on DCT measurements.[@b32-opth-5-1071],[@b39-opth-5-1071] Furthermore, the clinical value of DCT compared with GAT has not yet been completely delineated. The objective of this study was to evaluate GAT and DCT IOP measurements in nonglaucomatous eyes and to analyze them in relation to CCT and CH.

Methods
=======

This was a prospective study of 200 nonglaucomatous subjects, who visited the outpatient clinic of the "Hellenic Red Cross" General Hospital. The study was approved by the hospital's Scientific Board. Written informed consent, according to the principles of the Declaration of Helsinki, was obtained from each participant. Ophthalmological examination included medical history, automated refraction, Javal's keratometry, best corrected visual acuity with Snellen chart, slit lamp examination, fundoscopy with a 78-D lens, IOP measurement, and CH and CCT calculation. Patients with glaucoma, ophthalmic surgery or trauma, active ocular inflammation, refractive error/astigmatism of \> ±2.00 D, corneal abnormalities, or refractive procedure were excluded from the study. Glaucoma suspects with IOP measurements \>21 mmHg underwent further investigation with optical coherence tomography (Stratus, Zeiss) and automated Humphrey perimetry, in order to detect glaucomatous damage. Only subjects with ocular hypertension have been included in the study.

After instillation of proparacaine 0.5% topical anesthetic, IOP measurements were obtained by GAT and by DCT in randomized order, with a time interval of 5 minutes between them.

All IOP measurements were obtained by the same examiner in a masked fashion. GAT and DCT values were recorded by the same observer. GAT was performed on a slit lamp (Haag-Streit AG, Koeniz, Switzerland) with a tonometer calibrated according to the manufacturer's guidelines. Two GAT readings were obtained for each eye, and mean IOP was recorded.

Dynamic contour tonometry was performed with the Pascal digital tonometer (dynamic contour tonometer, DCT-PASCAL, Ziemer Ophthalmic Systems Group Co, Switzerland), mounted to the slit lamp. DCT uses contour matching. The head of the DCT tonometer has a 10.5 mm radius and a 7.0 mm diameter, which is the approximate shape of a normal cornea. When the external pressure becomes equal with the IOP, the integrated piezoresistive pressure sensor automatically begins to acquire data, measuring the pulsative IOP continuously 100 times per second. Each measurement usually requires from 6 to 10 seconds and is simultaneously accompanied by an audio feedback, which helps the clinician to maintain good positioning on the cornea. The IOP value and a quality score (Q) indicating the reliability of the measurement are digitally displayed. According to the manufacturer's instructions, Q1 and Q2 are characterized "excellent," Q3 "acceptable," Q4 and Q5 "not acceptable." The average IOP of two measurements with a Q1 or Q2 score of each eye were evaluated for the analysis.

Fifteen minutes after DCT and GAT, CH and CCT measurements were obtained. CH was determined using the ORA. The ORA utilizes noncontact tonometry principles. The release of a precisely metered air pulse causes the cornea to shift inward, passing from a flat to a concave state. As the air pulse decreases, the cornea moves outward, returning first to a flat state, and then to its initial convex shape. An electro-optical collimator-detector monitors the central 3.0 mm of the corneal diameter during a 20-millisecond period, and records two applanation events produced by the bidirectional movement of the cornea. Two separate IOP readings, corresponding to the applanation events, are provided in a single measurement. The IOP measured during the first applanation event is always higher than the IOP measured during the second event. The difference between the two IOP values is the measure of CH, which reflects the viscoelastic properties of the cornea. Applanation signal peaks for each measurement were reviewed for quality, according to the manufacturer's instructions (adequate magnitude and symmetry). When three ORA measurements of acceptable quality had been obtained in each eye, the average CH was calculated. Finally, CCT was determined using a hand-held ultrasound pachymeter (Pocket II; Quantel Medical SA, Clermont-Ferrand, France). The mean value of three CCT readings within a range of ±5 μm has been evaluated.

One eye was randomly selected and included in the analysis. Randomization was achieved using a randomization list generated by the <http://www.randomization.com> website.

Statistical data analysis was performed using medcalc 9.3.7.0 (Med-Calc Software, Mariakerke, Belgium). The Kolmogorov--Smirnov test was used to check for a normal distribution of quantitative data, which are provided as means and their standard deviations. Comparisons of the measurements between the two instruments were made using the paired *t*-test. In order to explore the difference of IOP measurements between DCT and GAT, in correlation with CCT and CH (power and direction of a linear relationship), we used the Pearson's analysis (Pearson's correlation coefficient) and *Z* statistics. Furthermore, the two methods were compared for bias and agreement with the Bland--Altman plot. Significance was set at *P* \< 0.05.

Results
=======

Of the 200 nonglaucomatous individuals, 93 were male and 107 were female, with an average age of 57.4 ± 14.7 years (range 24--82 years). Means and standard deviations of IOP measured by GAT and by DCT were 16.7 ± 3.2 (range 10--24) mmHg and 19.4 ± 3.3 (range 12--28.5) mmHg, respectively. IOP measured by GAT and by DCT had a normal distribution (one-sample Kolmogorov--Smirnov test). Differences in IOP measurements between DCT and GAT (ΔDCT -- GAT, ie, the algebraic difference of IOP obtained by subtracting IOP by GAT from IOP by DCT for each eye) were statistically significant (2.7 ± 1.9 mmHg, paired *t*-test *P* \< 0.001). The entire IOP distribution curve by DCT is shifted to the right compared with the IOP distribution curve by GAT ([Figures 1](#f1-opth-5-1071){ref-type="fig"} and [2](#f2-opth-5-1071){ref-type="fig"}). IOP \> 21 mmHg was obtained by GAT in 28 eyes (14%) and by DCT in 94 eyes (47%).

Mean corneal curvature, calculated from the mean values of the two readings, obtained by the Javal's keratometry for each eye, was 43 ± 1.2 dpt. Mean CCT found in nonglaucomatous eyes was 546.5 ± 40 (range 450--630 μm), and mean CH was 10.85 ± 2.0 mmHg (range 6.4--15.1 mmHg). CCT, CH and corneal curvature, had a normal distribution (one-sample Kolmogorov--Smirnov test). A significant negative correlation was found between CCT and ΔDCT -- GAT (Pearson's correlation coefficient *r* = −0.517, *P* \< 0.0001, 95% CI −0.612 to −0.408) ([Figure 3](#f3-opth-5-1071){ref-type="fig"}). A significant negative correlation was found also between CH and ΔDCT -- GAT (Pearson's correlation coefficient *r* = −0.355, *P* \< 0.0001, 95% CI −0.492 to −0.254) ([Figure 4](#f4-opth-5-1071){ref-type="fig"}). The difference between the two correlation coefficients was statistical significant (*P* = 0.0460*, Z*-statistic = 1.996).

No statistical significance was found between the corneal curvature and ΔDCT -- GAT ([Figure 5](#f5-opth-5-1071){ref-type="fig"}) (Pearson's correlation coefficient *r* = −0.028, *P* = 0.689, 95% CI −0.166 to 0.110).

[Figure 6](#f6-opth-5-1071){ref-type="fig"} displays a scatter diagram of the differences plotted against the averages of the two measurements. Horizontal lines are drawn at the mean difference, and at the mean difference ±1.96 times the standard deviation of the differences. When two methods show excellent agreement, the mean difference will be near zero. According to the Bland--Altman plot, the results of the two methods differed clinically, since the measurements were on average \>2.7 mmHg apart. The trend towards a reduction of the IOP differences at higher IOP levels was not statistically significant ([Figure 6](#f6-opth-5-1071){ref-type="fig"} dotted line, *r* = −0,083, *P* = 0,242, 95% CI −0.219 to 0.0562).

Discussion
==========

Fifty years ago, Goldman had pointed out that the theoretical model of applanation tonometry, which relied on the Imbert-Fick law,[@b3-opth-5-1071] concealed errors in clinical practice. It is well known that the GAT IOP value in thicker corneas is falsely higher, while in thinner corneas it is falsely lower.[@b4-opth-5-1071],[@b7-opth-5-1071]--[@b10-opth-5-1071] The impact of the biomechanical properties of the ocular wall on GAT IOP measurements, as well as on glaucoma pathogenesis, has also been demonstrated.[@b12-opth-5-1071],[@b13-opth-5-1071],[@b39-opth-5-1071]--[@b43-opth-5-1071] New tonometry methods have been developed to improve the accuracy of IOP determination, among which great attention has been gained by DCT.

In the present study, significantly higher IOP readings (by 2.7 mmHg on average) were obtained in nonglaucomatous eyes by DCT than by GAT. In order to enhance the reliability of DCT measurements, we evaluated only Q1 and Q2 IOP readings, ie, those of "excellent" testing quality, according to the manufacturer's instructions. Similar results in nonglaucomatous subjects were found by other authors.[@b22-opth-5-1071],[@b24-opth-5-1071],[@b25-opth-5-1071] Kaufmann et al reported lower IOP differences (1.7 mm on average) between the two methods by using a prototype of the Pascal tonometer in healthy volunteers.[@b18-opth-5-1071] Kniestedt et al, performing manometry in cadaver eyes, showed that GAT IOPs were on average lower (by almost 4 mmHg) than DCT IOPs.[@b44-opth-5-1071],[@b45-opth-5-1071]

Several investigators have clinically documented that, compared with GAT, DCT overestimates IOP by values ranging on average from 0.7 to 4.4 mmHg. The range of the results in those studies may be due to the recruitment of nonhomogenous populations including glaucomatous, nonglaucomatous, mixed or racially dissimilar individuals, or variation in visual endpoint for different GAT observers. It has been reported recently that the mean difference of IOP values between GAT and DCT is not the same in glaucomatous eyes as in nonglaucomatous eyes.[@b25-opth-5-1071],[@b31-opth-5-1071] In addition, race is associated with variable corneal parameters,[@b10-opth-5-1071],[@b46-opth-5-1071]--[@b48-opth-5-1071] which may considerably influence GAT versus DCT measurements.

Most authors agree that DCT IOP measurements are less affected by CCT, compared to GAT,[@b18-opth-5-1071]--[@b28-opth-5-1071] although a few contradictory findings have also been reported.[@b29-opth-5-1071]--[@b34-opth-5-1071] Important evidence for the impact of corneal parameters on DCT versus GAT measurements is derived from the field of refractive surgery.[@b35-opth-5-1071],[@b49-opth-5-1071]--[@b51-opth-5-1071] Studies comparing the two methods before and after refractive surgical procedures showed that measurements by DCT were significantly more consistent.[@b49-opth-5-1071]--[@b51-opth-5-1071] We found that the differences of measurements between DCT and GAT are strongly correlated with CCT ([Figure 3](#f3-opth-5-1071){ref-type="fig"}). These IOP differences are more pronounced in eyes with thinner corneas, whereas in most eyes with thicker corneas they tend to be minimal. Surprisingly, however, as shown in [Figure 3](#f3-opth-5-1071){ref-type="fig"}, a noteworthy number of eyes with thicker corneas (\>550 μm) had IOP differences of ≥3 mmHg, while some eyes with thinner corneas (\<550 μm) had IOP differences of ≤2 mmHg. The effect of corneal curvature on DCT measurements is controversial.[@b18-opth-5-1071],[@b23-opth-5-1071],[@b24-opth-5-1071] This study, including eyes with \< ± 2.0 dpt ammetropia, did not reveal any significant impact of the corneal curvature on the IOP differences between the two methods ([Figure 5](#f5-opth-5-1071){ref-type="fig"}). Hence, our findings indicate that, in addition to corneal thickness, other characteristics of the cornea, such as its biomechanical response, may be implicated in the discrepancies between DCT and GAT IOP measurements. It is reported that CH is associated with CCT.[@b41-opth-5-1071],[@b52-opth-5-1071] Similarly to CCT, we found that CH was also significantly negatively correlated with the differences between DCT and GAT measurements ([Figure 4](#f4-opth-5-1071){ref-type="fig"}), ie, in eyes with a higher CH value these IOP differences were lower, and vice versa. However the correlations of CCT ([Figure 3](#f3-opth-5-1071){ref-type="fig"}) and CH ([Figure 4](#f4-opth-5-1071){ref-type="fig"}) showed a significant difference, which implies that CCT and CH may have a different impact on DCT versus GAT. This finding could explain the discrepancies between DCT and GAT IOP measurements in a number of eyes with thicker or thinner corneas. Apparently, among eyes with the same CCT, the difference between DCT and GAT measurements may not be identical, due to different viscoelastic properties. The effect of corneal factors other than CCT on tonometry has been proposed in several studies. Feltgen et al, comparing intracameral with applanatory tonometry, concluded that GAT IOP is not methodically influenced by CCT.[@b53-opth-5-1071] Kniestedt et al reported that the relationship between CCT and GAT is not linear.[@b19-opth-5-1071] In a recent study, using the Ehlers-correction coefficient, CCT error-free GAT IOPs were not consistent with DCT IOPs.[@b54-opth-5-1071] It is suggested that the development of various correction coefficients for a "true" GAT IOP determination, taking into account only CCT, has not given reliable results.[@b15-opth-5-1071],[@b19-opth-5-1071],[@b51-opth-5-1071],[@b53-opth-5-1071],[@b55-opth-5-1071] The authors of a meta-analysis on CCT-induced GAT IOP measurement errors suggest different correction coefficients between normal and glaucomatous eyes.[@b9-opth-5-1071] In addition, the impact of corneal biomechanics on GAT has been already introduced. Using bioengineering techniques, Liu and Roberts described in an experimental model that differences in corneal viscoelastic properties may have at least the same effect on GAT as differences in corneal thickness.[@b12-opth-5-1071] Similarly to our results, Kotecha et al showed that CRF (corneal resistance factor) was correlated more significantly than CCT with DCT and GAT measurements.[@b39-opth-5-1071] Hager et al found a weak correlation of CH with GAT and DCT measurements in glaucomatous eyes.[@b32-opth-5-1071] It is also reported that corneal viscoelastic properties differ between normal and glaucomatous eyes.[@b41-opth-5-1071] A different correlation of CCT with the deviations of DCT versus GAT IOP between nonglaucomatous and glaucomatous eyes has also been reported,[@b25-opth-5-1071],[@b31-opth-5-1071] probably due to differing biomechanical properties.

All these data imply that the effect of corneal parameters on the determination of IOP by both GAT and DCT is complex. Regardless of how differences between DCT and GAT could be explained, their clinical relevance is probably the most important issue. In our study, the Bland--Altman plot showed that the results of the two methods are clinically different ([Figure 6](#f6-opth-5-1071){ref-type="fig"}). Using the criterion for ocular hypertension GAT IOP \> 21 mmHg, the ocular hypertensive eyes among the participants in our study detected by GAT were 14% versus 47% by DCT. It is evident that the DCT IOP distribution curve ([Figure 2](#f2-opth-5-1071){ref-type="fig"}) has shifted to the right compared to the GAT IOP distribution curve ([Figure 1](#f1-opth-5-1071){ref-type="fig"}), which means that a subject with DCT IOP of 22 mmHg is not necessarily considered as suspect, because the measurement exceeds two standard deviations of the mean GAT IOP. Consequently, in agreement with other authors,[@b24-opth-5-1071],[@b34-opth-5-1071],[@b39-opth-5-1071] we also suggest that the two methods should not be used interchangeably. Moreover, the determination of the target IOP value using DCT remains unclear. Further research in a large population is needed to determine the DCT IOP distribution curve with the corresponding statistical limits, as a benchmark for the clinical evaluation of DCT measurements independently of GAT. In addition it should be clarified, why the IOP differences between the two methods tend to diminish with increasing IOP.[@b22-opth-5-1071],[@b56-opth-5-1071] This tendency was also derived from the Bland--Altman plot of our data, but was not significant.

The question about which is the "true" IOP and by which method it can be reliably determined seems to be more theoretical than practical. Since glaucomatous damage can occur across a wide range of statistically "normal" to "abnormal" IOP values, importance should be primarily given to the "damaging" IOP rather than the "true" IOP. DCT appears to be giving a better answer to the initial question. DCT measurements showed good concordance with intracameral tonometry.[@b57-opth-5-1071] GAT provides an indirect calculation of the IOP, converting the force exerted for the flattening of the cornea to pressure. To the contrary, by using DCT the IOP is directly transcorneally determined by a piezoelectrical sensor, avoiding systemic errors that may be produced by GAT.[@b16-opth-5-1071] The principle of contour matching compared with applanation appears to lessen the influence of corneal thickness and biomechanical properties on IOP measurements. The "Q" quality score can verify the reliability of the DCT reading. In addition, repeatability of DCT is described at high levels.[@b39-opth-5-1071],[@b58-opth-5-1071]

To summarize, significantly higher IOP values are obtained by DCT than by GAT in non glaucomatous subjects. The differences between GAT and DCT IOP measurements are associated with CCT and CH. Each method gives clinically different IOP values, indicating that DCT and GAT should not be used interchangeably.
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![IOP normal distribution according to GAT measurements in 200 nonglaucomatous eyes, 28 (14%) of which had an IOP \> 21 mmHg.\
**Abbreviations:** GAT, Goldmann applanation tonometry; IOP, intraocular pressure.](opth-5-1071f1){#f1-opth-5-1071}

![IOP normal distribution according to DCT measurements in 200 nonglaucomatous eyes. Compared with the GAT IOP curve in [Figure 1](#f1-opth-5-1071){ref-type="fig"}, a shift of the entire DCT IOP distribution curve to the right is observed. Ninety-four (47%) eyes had an IOP \> 21 mmHg.\
**Abbreviations:** DCT, dynamic contour tonometry; GAT, Goldmann applanation tonometry; IOP, intraocular pressure.](opth-5-1071f2){#f2-opth-5-1071}

![CCT measurements plotted against the difference between DCT and GAT IOP measurements show a strongly negative correlation (Pearson's correlation coefficient *r* = −0.517, *P* \< 0.0001). IOP differences tend to increase in eyes with thinner corneas and to decrease in eyes with thicker corneas.\
**Abbreviations:** CCT, central corneal thickness; DCT, dynamic contour tonometry; GAT, Goldmann applanation tonometry; IOP, intraocular pressure.](opth-5-1071f3){#f3-opth-5-1071}

![CH measurements plotted against the difference between DCT and GAT IOP measurements show a significantly negative correlation (Pearson's correlation coefficient *r* = −0.355, *P* \< 0.0001). The IOP differences tend to increase in eyes with lower CH and to decrease in eyes with higher CH.\
**Abbreviations:** CH, corneal hysteresis; DCT, dynamic contour tonometry; GAT, Goldmann applanation tonometry; IOP, intraocular pressure.](opth-5-1071f4){#f4-opth-5-1071}

![Corneal curvature measurements plotted against the difference between DCT and GAT IOP measurements do not show a statistically significant correlation (Pearson's correlation coefficient *r* = −0.028, *P* = 0.689).\
**Abbreviations:** DCT, dynamic contour tonometry; GAT, Goldmann applanation tonometry; IOP, intraocular pressure.](opth-5-1071f5){#f5-opth-5-1071}

![Bland--Altman plot testing the clinical agreement of the IOP measurements obtained by DCT and GAT. The results of the 2 methods are clinically different, since the measurements are on average \>2.7 mmHg apart. Therefore, the 2 methods are not interchangeable. The tendency of the IOP differences to decrease at higher IOPs was not statistically significant (dotted line, *r* = −0.083, *P* = 0.242).\
**Abbreviations:** DCT, dynamic contour tonometry; GAT, Goldmann applanation tonometry; IOP, intraocular pressure; SD, standard deviation.](opth-5-1071f6){#f6-opth-5-1071}
